Each spin is parallel to a local [111] easy axis, and interacts with neighboring spins via an effective ferromagnetic coupling. This brings about a geometrical constraint where the lowest energy spin configurations on each tetrahedron follow the ice rule, in which two spins point inward and two point outward on each tetrahedron. This "2-in, 2-out" ground state spin structure has a six-fold degeneracy (Fig. 1A) , and the possible ground states of the entire tetrahedral network are macroscopically degenerate in the same way as the disordered protons in water ice (9, 10) . In addition to this remarkable observation, there is the more intriguing possibility (5) that the excitations from these highly degenerate ground states are topological in nature and mathematically equivalent to magnetic monopoles.
The macroscopic degeneracy of the spin ice state can be simplified by applying a small magnetic field along a [111] direction (11) . Along this direction the pyrochlore lattice consists of a stacking of triangular and kagomé lattices (Fig. 1A) . In this field-induced ground state, the spins on the triangular lattices are parallel to the field and consequently drop out of the problem, while those on the kagomé lattices retain disorder under the same ice rules, only with a smaller zero-point entropy (12) . This is referred to as the kagomé ice state (11, (13) (14) (15) (Fig. 1B, inset of Fig. 3 ), which serves as our vacuum state for the creation of magnetic monopoles.
In Fig. 1C we illustrate creation of a magnetic monopole and antimonopole pair in the vacuum (kagomé ice) state. An excitation is generated from the vacuum by flipping a spin on the kagomé lattice, which results in ice-rule-breaking "3-in, 1-out" (magnetic monopole) and "1-in, 3-out" (anti-monopole) tetrahedral neighbors (Fig. 1C) . From the viewpoint of the dumbbell model (5), where a magnetic moment is replaced by a pair of magnetic charges, the ice-rulebreaking tetrahedra simulate magnetic monopoles, with net positive and negative charges sitting on the centers of tetrahedra. The excitation energy for creation of a monopole pair is the order of 10 −4 eV, corresponding to a thermal energy of 1 K. The monopoles should interact via the magnetic Coulomb force (5), which is brought about by the dipolar interaction (16) between spins in Dy 2 Ti 2 O 7 . They can move and separate by consecutively flipping spins, but are confined to the two-dimensional kagomé layer (e.g. Fig. 1D ). This possibility of separating the local excitation into its constituent parts is a novel fractionalization in a frustrated system in two or three dimensions (5, 17) , and enables many new aspects of these emergent excitations to be studied experimentally, such as pair creation and interaction, individual motion, currents of monopoles and their concomitant electric field, correlations and cooperative phenomena. In the present study, inspired by the theoretical prediction of the monopoles, we have investigated two aspects of magnetic monopoles in spin ice using direct (microscopic) neutron scattering techniques and thermodynamic (macroscopic) specific heat measurements (18) .
A straightforward signature of monopole-pair creation is an Arrhenius law in the tempera-
where ∆E is a field (H) dependent creation energy. One can simply expect ∆E = E 0 − µH owing to the Zeeman effect. Figure 2A A microscopic experimental method of observing monopoles is to perform magnetic neutron scattering using the neutron's dipole moment as the probe. One challenge to the experiments is to distinguish the relatively weak scattering from the small number of monopoles from the very strong magnetic scattering (8, 14) of the ground state 'vacuum'. A theoretical idea (5) which is helpful for identifying the monopole scattering is that the [111] field acts as chemical potential of the monopoles, enabling us to control their density as shown by the present specific heat measurements. As the field is increased, the kagomé ice state with low monopole density (Fig. 1B) changes continuously to the maximum density state, the staggered monopole state (Fig. 1E) , where all spin configurations become "3-in, 1-out" or "1-in, 3-out" to minimize the Zeeman energy.
For the present neutron scattering experiments, the best temperature and field region to observe monopoles in Dy 2 Ti 2 O 7 is close to the liquid-gas type critical point (13) (T c , H c ) (inset of Fig. 3 ). In the monopole picture (5), where they are interacting via the magnetic Coulomb force, the first-order phase transition (13) is ascribed to phase separation between high-and low-density states. We naturally anticipate that neutron scattering close to the critical point is a superposition of the scattering pattern by the (low-density) kagomé ice state (14) and that by high-density monopoles, which is diffuse scattering around magnetic Bragg reflections, i.e., ferromagnetic fluctuations. It should be noted that the superposed scattering patterns would provide strong evidence that the magnetic Coulomb force really acts between monopoles.
The neutron measurements were performed under a [111] applied magnetic field (18) , and
Monte Carlo (MC) simulations were also carried out for the dipolar spin ice model (16, 18, 19) to quantify our observations. Figure T, respectively. The observation shows good agreement with the simulation for H < H c . On the other hand, above H c there are substantially less monopoles than expected from the simulation, which will be discussed below.
We selected T = T c + 0.05 K and H = H c (inset of Fig. 3) for observation of the fluctuating high-and low-density monopoles. At this H,T point, we measured intensity maps in the scattering plane perpendicular to the [111] field. An intensity map of the kagomé ice state at T = T c + 0.05 K and H = 0.5 T (inset of Fig. 3 ) was also measured for comparison. Figure   4 compares the measured and simulated intensity maps. The observed scattering pattern of the kagomé ice state (Fig. 4A ) is in excellent agreement with the simulation (Fig. 4C) , showing the peaked structure (14) at (2/3,-2/3,0) and the pinch point (20) at (4/3,-2/3,-2/3). These structures reflect the vacuum (kagomé ice) state.
The observed (Fig. 4B ) and simulated ( Fig. 4D ) intensity maps close to the critical point show a weakened kagomé-ice scattering pattern (by the low-density state) and diffuse scattering around (2,-2,0) (by the high-density state). Although the observation agrees fairly well with the simulation, the diffuse scattering is less pronounced for the observation. We found that this discrepancy originated from an instrumental condition of the GPTAS spectrometer (18) , which has a large vertical resolution of ∆q = 0.25Å −1 (full width at half maximum, FWHM). We carried out the same measurement on the BT-9 spectrometer (18), which has a smaller vertical resolution of ∆q = 0.1Å −1 (FWHM), and which does not affect the diffuse scattering. The resulting data are shown in Fig. 4F , which are in better agreement with the simulation (Fig. 4D) especially around (2,-2,0). An interesting experimental fact revealed by this resolution effect is that correlations of the high-density monopoles are three dimensional in space, although the monopoles can only move in the two dimensional layers (Fig. 1D) . The three dimensional correlations are consistent with the isotropic Coulomb interaction between monopoles. We note that the kagomé-ice scattering pattern is two dimensional in nature (14) , and thus is not affected by the vertical resolution.
To illustrate the high-and low-density monopoles yielding the scattering patterns in Figs The deviation from linearity below 0.2 T (spin ice regime) suggests that J eff slightly changes between the spin and kagomé ice states. We remark that all the measurements were performed under field cooling conditions, which are important to avoid complications due to spin freezing (8, 10, 19) among the ground state manifolds. (18) . To clearly show the six-fold symmetry, the drawing range of (A,B) is extended from the measured range k < (h + 0.2)/3 using the crystal symmetry. (C,D) are calculated intensities using the MC simulations (18) . (E) two snapshots of the monopoles of the MC simulation corresponding to (B,D,F) are shown on the diamond lattice connecting the centers of the tetrahedra, in which blue, red and black points represents +, − and 0 magnetic charges, respectively. The light green circles enclosing (2,-2,0) and (2,0,-2) in (B,D,F) show the high intensity regions caused by the high-density monopoles, i.e., ferromagnetic fluctuations.
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Materials and Methods
Single crystals of Dy 2 Ti 2 O 7 were prepared by the floating-zone method (1, 2) using an infrared furnace equipped with four halogen lamps and elliptical mirrors. The crystals were grown under O 2 gas flow to avoid oxygen deficiency with a growth rate of 4 mm/h. Single crystal samples used in the neutron scattering and specific heat experiments were 22×3.1×0.58 Specific heat of the single crystalline sample was measured down to 0.1 K by a quasiadiabatic heat-pulse method using a dilution refrigerator equipped with an 8-T superconducting magnet. The sample was mounted on the addenda (made of a copper plate) of the specificheat measurement-cell so that the magnetic field was applied along a [111] direction. A fieldcalibrated RuO 2 thermometer on the addenda was used to measure the sample temperature. The temperature increment caused by each heat pulse was controlled to be ∆T /T = 0.5 ∼ 1 % by a computer. In order to avoid complications due to possible spin freezing among the ground state manifolds, all the measurements were performed after field cooling from temperatures above temperatures, more accurate measurements were carried out using long time T -response measurement with longer heat pulses (∼ 50 sec) and a data fitting procedure which fully deals with the so called "tau-2" effect brought about by the existence of slow thermal response components in the sample. The accuracy of these measurements was confirmed through nuclear specific heat studies using the same measurement system (4, 5) .
The MC simulations of the dipolar spin ice Dy 2 Ti 2 O 7 (6) were carried out partly by using a supercomputer at Institute for Solid State Physics, University of Tokyo. We adopted the Hamiltonian describing the Ising spin system as follows (7): 
